Knowledge of the leaf anatomy of grassland plants is crucial for understanding how these plants adapt to the environment. Tibetan alpine grasslands and Inner Mongolian temperate grasslands are two major grassland types in northern China. Tibetan alpine grasslands occur in high-altitude regions where the low temperatures limit plant growth. Inner Mongolian temperate grasslands are found in arid regions where moisture is the limiting factor. Few comparative studies concerning the leaf anatomy of grassland plants of the Tibetan Plateau and Inner Mongolian Plateau have been conducted. We examined leaf characteristics at 71 sites and among 65 species, across the alpine grasslands of the Tibetan Plateau and the temperate grasslands of the Inner Mongolian Plateau. We compared the leaf structures of plants with different life forms and taxonomies, and their adaptation to arid or cold environments. We explored relationships among leaf features and the effects of climatic factors (i.e., growing season temperature and precipitation) on leaf characteristics. Our results showed that (i) there were significant differences in leaf anatomy between Tibetan alpine and Inner Mongolian temperate grasslands. Except for mesophyll cell density, the values obtained for thickness of leaf tissue, surface area and volume of mesophyll cells were larger on the Tibetan Plateau than on the Inner Mongolian Plateau. (ii) Within the same family or genus, leaf anatomy showed significant differences between two regions, and trends were consistent with those of whole species. (iii) Leaf anatomy of woody and herbaceous plants also showed significant differences between the regions. Except for mesophyll cell density, the values obtained for the thickness of leaf tissue, and the surface area and volume of mesophyll cells were larger in herbaceous than in woody plants. (iv) Leaf anatomical traits changed accordingly. Total leaf thickness, thicknesses of lower and upper epidermal cells, and surface area and volume of mesophyll cells were positively correlated, while mesophyll cell density was negatively associated with those traits. (v) Growing season temperature had stronger effects on leaf anatomy than growing season precipitation. Although the communities in Tibetan and Inner Mongolian grasslands were similar in appearance, leaf anatomy differed; this was probably due to the combined effects of evolutionary adaptation of plants to environment and environmental stress induced by climatic factors. 
alpine grasslands of the Tibetan Plateau, to the mountain grasslands in the Xinjiang Autonomous Region [2] . The temperate grasslands of the Inner Mongolian Plateau are mainly in arid and semi-arid regions; the dry habitat has high growing season temperatures, and plant growth is predominantly determined by precipitation [3] . The climate of the alpine grasslands of the Tibetan Plateau is mainly affected by the northwest monsoon; the humid habitat has lower growing season temperatures, and plant growth is limited by the low temperatures [4, 5] . Our question was whether leaf anatomy in the alpine grasslands of the Tibetan Plateau was different from that in the temperate grasslands of the Inner Mongolian Plateau.
The effects of environmental factors such as low temperature, drought, light, and elevation, on leaf structures and the responses of leaf structures to the environment have been recognized for a long time, and ecological trends have been generalized [69] . Smaller leaf area, thicker epidermal thickness, thicker mesophyll tissue, and thicker leaves, for example, characterize plants in low temperature zones [9] . Increased number of palisade layers with small cell volume, decreased number of spongy layers with small cell volume, and smaller intercellular spaces characterize plants in zones of water shortage [10] . Smaller and thicker leaves, well-developed epidermal cuticles and trichomes, a thicker epidermal layer composed of small cells, the appearance of a hypodermal layer, well-developed palisade tissue, and tightly arranged spongy tissue characterize plants in zones of high light intensity [1113] . Previous studies are characterized by insufficient sampling locations and few examined species [14, 15] . Since plant anatomy is largely genetically determined, and leaf structural features change with environment, insufficient sampling locations or ecological data may not accurately reflect intrinsic relationships between anatomy and ecology [16, 17] . On the Tibetan Plateau, in particular, where plants grow in regions of physiological drought and great diurnal temperature variation, leaf structural features remain unclear and infrequently reported.
The dynamics of leaf anatomy are determined by interactions among genotype, ontogenetic position, and environmental factors [18] . Large-scale studies generally contain various species, the genotypes of these species differ, their sensitivities to ecological factors may also vary, and plants with different taxonomies or from different functional groups may have different responses to environmental change; leading to the differences overwhelming the intrinsic relationships between leaf anatomy and environment [19, 20] . It is therefore necessary to compare the responses of plants with different taxonomies and life forms.
Using paraffin microtomy and microscopic measurements, we investigated the leaf anatomy of 65 dicotyledonous species across 71 sampling sites on the Inner Mongolian Plateau and the Tibetan Plateau. We compared structural differences in the leaves of plants with different taxonomies and life forms; analyzing the relationships between leaf anatomy and environmental factors (i.e., growing season temperature, and growing season precipitation). The leaves of dicotyledonous and monocotyledonous species show notable differences. Monocots are characterized by isobilateral leaves, enclosed terminal collateral veins, are without free terminal ends, and guard cells are arranged in lines. Dicots are characterized by bifacial leaves, opened terminal collateral veins, have free terminal ends, and scattered guard cells [21] . Variations in leaf structure inevitably lead to changed responses to environmental factors [22] . Analyzing the responses of dicot and monocot leaves to environmental factors is thus necessary. We will discuss the structural characteristics of monocotyledonous species in a later paper.
Materials and methods

Study sites
The study area included temperate grasslands on the Inner Mongolian Plateau (107.26120.06°E, 38.4149.51°N), and alpine grasslands on the Tibetan Plateau (80.25102.89°E, 28.1935.44°N). Our sampling areas covered five provinces and autonomous regions: Inner Mongolia, Ningxia, Gansu, Qinghai, and Tibet. The climate of the Inner Mongolian Plateau is a typical temperate continental monsoon: winters are long and cold, summers are warm and dry. The temperature decreases from southwest to northeast, and precipitation increases from southwest to northeast [23] . The elevation of the sampling sites ranges from 588 to 1458 m, the mean growing season temperature (MAT) ranges from 14.8 to 20.4°C, and growing season precipitation (MAP) from 146 to 316 mm. The Tibetan Plateau is one of the largest alpine grasslands in the world with an average elevation of over 4000 m. The solar radiation ranges from 0.586 to 0.795 MJ cm 2 a 1 , topographic variance is complex and ground temperature exhibits large regional differences, temperatures are low and show seasonal variation. Precipitation here is mainly affected by the southwest monsoon, and decreases gradually from southeast to northwest; the seasonal distribution of precipitation is extremely uneven. Rainy and dry seasons are sharply contrasting [24] . The elevation of the study sites on the Tibetan Plateau ranges from 2996 to 5249 m, mean growing season temperature ranges from 1.0 to 13.5°C, and precipitation from 85 to 383 mm (Table 1 ).
Field sampling
We conducted four consecutive sampling campaigns during the summers (July and August) of 2002-2005 and sampled 71 sites across the plateaus (Figure 1 ). Field sampling was conducted along the major roads of these plateaus. Nevertheless, sampling sites covered all the major grassland types in these areas. At each site (10 m×10 m), five plots (1 m×1 m, 4 in the corners and 1 in the center) were set up. Altitude, latitude, and longitude of each site were recorded, and dominant or well-distributed species were selected and sampled. At each site, 3-5 individuals were sampled for each species, and healthy mature leaves of similar age and similar position were collected and fixed with FAA (formalin, acetic acid, alcohol). Nearly all collections were made at flowering time.
Laboratory measurements
From each leaf, three 0.5 cm× 0.5 cm pieces were cut with a knife at 1/3 of the distance from the leaf tip. Leaflets of compound leaves were considered to be functionally equivalent to simple leaves and were treated as such. Leaves were then dehydrated in a graded series of ethanol, embedded in paraffin, sectioned using a Leitz 2135 microtome, and stained with Safrania and Alcian green. All slides were mounted in Canada balsam after dehydration. Upper and lower epidermal thickness, mesophyll tissue thickness, density of mesophyll cells, length and width of mesophyll cells, and total leaf thickness were then measured using a Motic B5 microscope equipped with a microscopic imaging system ( Figure 2 ). The surface area of mesophyll cells was calculated based on the following equations: CSA = ·CW·(2CL+CW)/2, CV = ·(CW/2) 2 ·CL(0.38+0.117CL/CW), where CAS is the surface area of a mesophyll cell, CW is the mesophyll cell width, CL is the mesophyll cell length, and CV is the mesophyll cell volume. All measurements were made near the middles of leaves, avoiding midribs and margins, and five randomly chosen portions of leaf were measured for each slide.
Climatic dataset
The climate data were 30 year averages for temperature and precipitation at 680 well-distributed climate stations across China, obtained from the world climate data information website (http://www.worldclim.org). Based on the latitude and longitude of each sampling site, the monthly mean temperature and precipitation were calculated through Kriging interpolation [25] . Based on our previous studies [26, 27] , we used two climatic indices that have the highest explanatory power for ecological traits (i.e., growing season temperature and growing season precipitation).
Statistical analyses
All statistical analyses were performed using SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA). One-way ANOVA analyses were conducted to compare leaf anatomical differences among different regions, life forms, and taxonomies. Pearson correlation analyses were used to examine correlations among leaf anatomical characteristics, and linear regression analysis was then performed to evaluate effects of climatic variables. We further examined leaf characteristics using principal component analysis (PCA). The first axis in PCA (explaining 68% of the variation) and environmental factors were analyzed with the purpose of understanding the climatic variables important in the first axis.
Results
Dicotyledonous plants and leaf anatomy overview
We sampled 65 species of plants in 20 families. Five families contained the most species: Fabaceae (26.2%), Aster-aceae (13.8%), Rosaceae (13.8%), Salicaceae (7.7%), and Polygonaceae (7.7%) ( ).
Leaf anatomy variances in two types of grasslands
Leaf characteristics exhibited significant differences between the two regions. One-way ANOVA analyses showed that habitat had significant influence on leaf anatomy. In general, except for mesophyll cell density, the values of other leaf characteristics including total leaf thickness and leaf tissue thickness, mesophyll cell surface area and volume were larger in Tibetan alpine grasslands than in Inner Mongolian temperate grasslands. Among these leaf anatomical indexes, mesophyll cell volume was the most variable; the value in Tibetan alpine grasslands (4.09×10 3 μm
3 ) was about two times larger than the value in Inner Mongolian temperate grasslands (2.04×10 3 μm 3 ).
We chose four genera, Oxytropis, Potentilla, Caragana, and Salix, as representative genera for comparison of leaf structural differences in the two regions. These four genera were common with high percentages of species in our plots. Oxytropis, Potentilla, and Salix more often occurred in Tibetan Plateau plots (with frequencies of 71, 43, and 18), than in Inner Mongolian plots (3, 8, and 3) . The times of Caragana species appeared in Tibetan Plateau plots and Inner Mongolian plots were 10 and 35 (data not shown).
In Oxytropis, upper and lower epidermal thickness, mesophyll tissue thickness, and total leaf thickness exhibited no significant differences between two plateau plants, while mesophyll cell density was larger on the Inner Mongolian Plateau than on the Tibetan Plateau. In Potentilla and Caragana, mesophyll cell density was larger in Inner Mongolia; however, the other leaf characteristics were larger in Tibet. In Salix, upper and lower epidermal thickness exhibited no significant differences; however, the other leaf characteristics showed similar patterns to Potentilla and Caragana ( Figure 4 ). In summary, mesophyll cell density in four genera followed consistent patterns, i.e., larger values were obtained in Inner Mongolia than in Tibet. With the exception of Oxytropis, leaf component thickness in Tibet was greater than in Inner Mongolia in the three other genera. This means that within the same family or genus, leaf anatomy showed significant differences between the two regions, and trends were similar to those of whole species (Figure 3) .
Comparative analyses of leaf anatomy among different life forms are shown in Figure 5 . Leaf characteristics of the two regions also showed significant differences between woody and herbaceous plants (P<0.01). Leaf tissue thick- ; only for mesophyll cell density, the former was smaller than the latter.
Leaf anatomy traits change in coordination with each other
The relationships between leaf characteristics in the two regions are shown in Table 3 . Each pair of leaf anatomy traits was significantly correlated. Mesophyll cell density showed significant negative correlations with the other anatomic indexes (P<0.001), while there was a positive correlation among other indexes, indicating that leaf anatomical characteristics were cooperatively related. Total leaf thickness and leaf tissue thickness, as well as mesophyll cell surface area and volume, had the strongest correlations, with correlation coefficients of 0.987 and 0.989, respectively. Thus, although the increases in upper and lower epidermal thickness, the increases in mesophyll tissue thickness and mesophyll cell volume, and the decrease in mesophyll cell density all dominantly contributed to the increase in total leaf thickness, mesophyll tissue thickness was the largest contributor.
Leaf characteristics show weak relationship with temperature
Pearson correlation analyses were used to assess the relationships among leaf characteristics, and we found that these traits were significantly correlated. PCA analyses were therefore used to simplify the index. Analyzing the explanation rate of the principal component revealed: the λ value of the first axis was 4.76 with an explanation rate of 68.0%, while the λ value of the second axis was 0.89 and therefore lower than 1. Analysis of the principal component matrix of leaf characteristics showed that the absolute value of PCA1 was approximately close to 1 ( Table 4 ), indicating that PCA1 is able to reflect a coordinated change in leaf anatomy.
Regression analysis of the first PCA axis and environmental factors is shown in Table 5 . At species level the first axis had a weak negative correlation with growing season temperature (R 2 =0.13, P<0.001), but no significant relationship with growing season precipitation. At genus level, Caragana exhibited similar trends (R 2 =0.36, P<0.05). The first axis for Oxytropis and Potentilla had no significant relationship with growing season precipitation or growing season temperature, while the first axis in Salix showed significant negative correlation with growing season tempera- 
Discussion
Similarities and differences in leaf anatomy in grassland plants on the Tibetan Plateau and the Inner Mongolian Plateau
Plants and their growth environments are a unified whole, and the long-term effects of environment on plants can alter leaf morphology, physiological function, and ecology [28] . On the other hand, environments have a filter effect on the species banks in certain regions: Only those able to adapt to the environment can survive, and those that do not will gradually become extinct there. Although the results of these two processes are similar, they show obvious differences in mechanism. The temperate grasslands on the Inner Mongolian Plateau are in arid regions where plant growth is regulated by water deficits [3] . Previous studies have shown that compared with mesophytic plants, xerophilous plants have thicker leaves, smaller mesophyll cells, and well developed palisade tissue [29] . In Tibetan alpine grasslands, lower temperatures and the larger range in temperature induced by the high elevation can affect the efficiency of water absorption. Plants therefore show characteristic xerophilous leaves: smaller, thicker, and with more mesophyll cells [28,3033] . In addition, the number of layers of palisade tissue increases and the thickness of lower and upper epidermal cells becomes larger in high-altitude regions [34, 35] . Since in both regions, the environment can cause physiological drought, leaf traits in the two regions display some common features: thicker epidermis and total leaf thickness, and well-developed palisade tissue. On the Inner Mongolian Plateau, such structural features can reduce water transpiration, improve photosynthetic efficiency, and avoid injury of the mesophyll cells by strong light [36] . In the Tibetan alpine grasslands, both growing season precipitation and annual mean precipitation are higher than on the Inner Mongolian Plateau (Table 1) ; structural features may not be induced by precipitation, but by the combination of low oxygen, low temperature, and strong radiation [35] . Our results indicate that structural features under different conditions may have adaptive significance.
The one-way ANOVA showed that the values of leaf anatomical traits including total leaf thickness and leaf tissue thickness, surface area and volume of mesophyll cells were larger in Tibetan alpine grasslands than the corresponding values in Inner Mongolian temperate grasslands. Abrams et al. stated that blades thicken as degree of drought increases [37] . However, Körner argued that drought does not play a decisive role in determining leaf thickness in alpine plants [38] . Strong ultraviolet radiation at high altitudes can affect leaf development, and thicker leaves can prevent injury by strong radiation [11, 39] . Generally, the Tibetan Plateau has low temperatures and a wider temperature range; a thicker blade and epidermis can lessen the temperature range between the internal and external spaces of a blade, and keep blade temperature stable [40] .
Values for mesophyll cell volume and surface area were smaller in Inner Mongolian grassland plants than in Tibetan grassland plants, while mesophyll cell density showed a contrasting result; indicating that mesophyll cells in Inner Mongolian plants are smaller and more tightly arranged. Zhang et al. [8] stated that smaller and more tightly arranged mesophyll cells confer stronger drought resistance on white elms. Since plant growth is mainly determined by precipitation in Inner Mongolian grasslands [27] , such mesophyll cell characters should have strong drought resistance.
The growing season temperature in Tibetan grasslands is lower than in Inner Mongolian grasslands. Previous studies have shown that low temperatures can affect the meristematic cells of young leaves when they are still within buds, and cause them to develop into larger leaves [6] . Greater cold means a longer winter and later plant budding. Leaf growth coincides with the month of greater water and higher temperatures: favorable for cell development, and also likely to result in larger cells [6] . Low temperatures in Ti- betan grasslands may therefore play a key role in explaining the larger volume of these mesophyll cells. Plants on the Tibetan Plateau are grown at high altitudes; the air is thin and the well-developed ventilation tissue can make up for the deficit of CO 2 in the atmosphere, thus improving photosynthetic efficiency, and benefiting growth and development [35] . Körner stated that in the mature leaves of alpine plants, intercellular spaces generally accounted for 25%-35% of total leaf volume [38] . This may partly explain why the leaves of plants in Tibetan grasslands have smaller mesophyll cell density.
Our comparison of leaf anatomy in four genera between the Tibetan alpine grasslands and Inner Mongolian temperate grasslands showed that except for Oxytropis, the genera studied all showed similar trends to those of whole species (Figure 3) , i.e., except for mesophyll cell density, the values of the other leaf characteristics including total leaf thickness and leaf tissue thickness, surface area and volume of mesophyll cells were larger in Tibetan alpine grasslands than in Inner Mongolian temperate grasslands. This confirms the former conclusion based on generic and family level analyses. Comparison of total leaf thickness among the four genera indicates that Caragana has the thickest leaves, and that its leaf thickness and strong water-holding capacity should be important adaptations to the adverse environment. Thus Caragana species are able to be well distributed in steppe and desert regions, as they are resistant to drought, cold, and barren environments [41] .
Life form is a result of the long term adaptation of plants to environment [42] . Leaves of plants with different life forms usually have different structures, and different nutritional and drought resistance mechanisms [4347]. Liu [47] analyzed the leaf osmotic potential of plants grown in Hunshandake Sandland, China, and found that the leaves of shrubs had the lowest osmotic potential, leaves of trees had medium potential, and leaves of herbs had the highest osmotic potential. On the whole, herbaceous plants have thicker leaves than woody plants on the Tibetan and Inner Mongolian Plateaus. This can be interpreted as adaptive strategies based on life form. Herbaceous species generally have shallower root systems, water transport power is small, and water uptake ability is weak; only the thicker blade can efficiently reduce water transpiration, maintaining more water in the mesophyll cells, and therefore have greater osmotic potential. In contrast, woody species generally have relatively deep root systems, water transport power is large, and absorbent ability is strong; maintaining more water from transpiration is not a critical, and they may develop many adaptations not limited to enhancement of leaf epidermal thickness.
Leaf anatomy traits change in coordination with each other
On both Tibetan and Inner Mongolian Plateaus, leaf traits of dicots are significantly correlated. Only mesophyll cell density shows negative correlation with the other anatomy traits; the others are significantly and positively correlated. Thicker leaves generally have larger mesophyll volume and lower mesophyll cell density. Because of this correlation, the leaf characters over different regions, different genera, and different life forms show consistent trends. At whole species level or at generic level, values of thicknesses of leaf components, and the volumes and surface areas of mesophyll cells are larger in Tibetan grasslands than in Inner Mongolian grasslands, while mesophyll cell density shows a contrasting result. Values of the thickness of leaf components and the volumes and surface areas of mesophyll cells are larger in herbaceous plants than in woody plants, and mesophyll cell density shows the opposite result.
This correlated change in leaf anatomy may be an evolutionary strategy. Plants may have not developed various combinations of structural traits in the process of evolution. A plant with a thicker blade but smaller mesophyll cells and larger mesophyll cell density, for example, seldom or never exists. Recently, researchers in the field of leaf functional traits put forward the concept of a leaf economics spectrum [48] , i.e., as leaf longevity shortens, specific leaf area, leaf nitrogen levels, and photosynthetic rate tend to increase, and plants consequently invest less in leaf morphogenesis. As leaf longevity increases, specific leaf area, leaf nitrogen levels, and photosynthetic rate tend to decrease, and plants consequently invest more in leaf morphogenesis. Therefore, the leaf anatomical traits of Tibetan and Inner Mongolian Plateau plants exhibit coordinated changes, suggesting a kind of leaf economics spectrum.
Leaf anatomical characteristics have weak negative correlation with temperature at whole species level
PCA analyses indicated that the first axis (PAC 1) was able to explain the largest proportion of variation in leaf structure. PCA 1 of whole species and Caragana were negatively correlated with growing season temperature, and had no relationship with growing season precipitation. The first axis for Oxytropis and Potentilla had no significant relationship either with growing season precipitation or growing season temperature. The first axis for Salix showed significant negative correlation with growing season temperature, and significant positive correlation with growing season precipitation. Species of Oxytropis and Potentilla are mainly distributed in Tibetan grasslands, where the range in growing season temperature is small (less than 5°C); this may be a reason why these species are not sensitive to temperature. Precipitation is not a primary limiting factor for alpine plants [38] , so Oxytropis and Potentilla species do not show a notable relationship with precipitation. Species of Caragana and Salix are well distributed in both Tibetan and Inner Mongolian Plateaus, where the range in growing season temperature is large (more than 15°C). The PCA 1 of species in these genera shows negative correlation with growing season temperature. Caragana is distributed on both Tibetan and Inner Mongolian Plateaus. The lower temperatures are a limiting factor for Tibetan grassland species, and moist conditions in the growing season can offset the effects of drought; as a result, Caragana species show no significant relationship with precipitation. Although species of Salix are distributed across both Tibetan and Inner Mongolian Plateaus, they are mainly found in Tibetan grasslands. The effects of lower temperatures and the moist climate are greater than the effects of drought; the PCA 1 of Salix species shows significant negative correlation with growing season temperature.
Species in different genera or families have different sensitivities to various ecological factors; this may result in leaf characteristics having no significant relationship with climatic factors [19, 20] . However, on the whole, in our sampling plots in the Tibetan alpine grasslands and Inner Mongolian temperate grasslands, the PCA 1 of whole species had weak negative correlations with growing season temperature and no significant relationship with precipitation; indicating that the effects of temperature were more notable than those of precipitation across the study area.
Conclusion
We examined the leaf anatomy of dicotyledonous species across alpine grasslands on the Tibetan Plateau and temperate grasslands on the Inner Mongolian Plateau, by means of paraffin sectioning. Our results showed that (i) the leaf anatomy of plants in Tibetan (ii) Within the same family or genus, leaf characteristics showed significant differences between the two regions, and trends are similar to those of whole species. The values of leaf tissue thickness are larger in herbaceous plants than in woody plants; this is probably due to different adaptive mechanisms. (iii) Leaf anatomical traits in the two regions change in coordination with each other. Leaf characteristics of different regions, different families or genera, and different life forms all show similar trends. In general, the PCA1 of leaf anatomical traits in the two regions shows weak negative relationships with growing season temperature, and no significant associations with growing season precipitation; indicating that growing season temperature has greater effects on leaf anatomy than does growing season precipitation.
